Effects of Site-Directed Mutations of Transmembrane Cysteines in Sindbis Virus E1 and E2 Glycoproteins on Palmitylation and Virus Replication  by Ryan, Christine et al.
Effects of Site-Directed Mutations of Transmembrane Cysteines in Sindbis Virus E1
and E2 Glycoproteins on Palmitylation and Virus Replication
Christine Ryan, Lidia Ivanova, and Milton J. Schlesinger1
Department of Molecular Microbiology, Washington University School of Medicine, St. Louis, Missouri 63110-1093
Received March 27, 1998; returned to author for revision May 20, 1998; accepted June 8, 1998
The two glycoproteins that form the external spikes of the alphaviruses are type 1 membrane proteins whose transmem-
brane domains of hydrophobic amino acids are close to the carboxyl termini of the polypeptides and anchor the proteins in
the lipid bilayer. Most of the members of the alphavirus genus contain within this transmembrane sequence one or more
highly conserved cysteines, which are positioned close to the cytoplasmic face of the lipid bilayer. Cysteines in the
cytoplasmic domains of the alphavirus glycoproteins and other enveloped viruses have been shown to be modified by
palmitylation. To determine whether the transmembranal cysteines in Sindbis virus also were palmitylated, we used
site-directed mutation to change the single transmembranal cysteine in the E1 glycoprotein and two of the transmembranal
cysteines in the E2 glycoprotein to alanines. Transfection of RNA transcribed from the differently mutated Sindbis virus
cDNAs led to production of infectious virus. Cells infected with the mutant virions and labeled with [3H]-palmitic acid showed
that the E1 mutant no longer contained fatty acid in the E1 glycoprotein and that the extent of palmitylation was reduced
about twofold in the E2 glycoprotein of virions containing the E2 mutations. At early times postinfection, the mutants grew
slightly slower than the wild type in cultures of chicken embryo fibroblasts and secreted about half the amount of virus
particles as wild type, but little difference was found at later time points. A triple mutant containing both the E1 and E2
mutations formed virions deficient in palmitylation of both glycoproteins, and this mutant had growth properties that were
similar to those of the independent E1 and E2 mutants. Virions with the mutated glycoproteins that were deficient in fatty acid
were more susceptible than the wild-type virions to inactivation by the detergent Triton X-100. © 1998 Academic Press
INTRODUCTION
A substantial number of the transmembranal glyco-
proteins encoded by enveloped animal viruses are post-
translationally modified by the covalent addition of long-
chain fatty acids (reviewed in Hruby and Franke, 1993;
Schlesinger, et al., 1992). In most cases, the fatty acid,
usually palmitic acid, is covalently linked in a thiolester
bond to the cysteines located in the cytoplasmic domain
of the protein. Additionally, there are cysteines presumed
to be embedded within the transmembrane portion of the
polypeptide that are sites of palmitylation.
In attempts to assign a function for the long-chain acyl
groups on the protein, a number of investigators have
used reverse genetics and selectively substituted non-
acylatable amino acids for the cysteines that provide
sites for fatty acid binding (Andersson et al., 1997;
Whitt and Rose, 1991; Gaedigk-Nitschko et al., 1990;
Gaedigk-Nitschko and Schlesinger, 1991; Ivanova and
Schlesinger, 1993; Jin et al., 1996; Steinhauer et al., 1991;
Veit et al., 1991; Zurcher et al., 1994). The modified pro-
teins have been compared with the wild type both in
systems generating complete virus and in cells trans-
fected with vectors that express only the transmem-
branal glycoprotein. In some cases, no variation from the
wild-type protein was detected, whereas a few other
defects were found in virus assembly and budding. Con-
flicting reports have suggested that fatty acyl groups
were important factors in the fusogenic activities of those
virus glycoproteins critical to the membrane fusion event
in uptake and penetration of virus into its host cell.
Three membrane-associated structural proteins of the
alphaviruses are palmitylated during intracellular vesicle
transport (Schlesinger et al., 1992; Strauss and Strauss,
1994). For Sindbis (SIN) virus, sites of acylation have
been identified in the cytoplasmic domains of the p62/E2
and 6K proteins. The E1 protein is also acylated, but its
potential cysteine acceptor site is positioned within the
transmembrane sequence that is seven amino acids
away from the positively charged arginines postulated to
form the transmembrane-cytoplasmic boundary for this
transmembranal protein. Chemical analysis of peptides
derived from E1 of Semliki Forest virus (SFV) indicated
that this cysteine was palmitylated (Schmidt et al., 1988).
There are two additional potential transmembranal cys-
teines in the p62/E2 protein adjacent to a positively
charged lysine that forms the boundary between the
transmembrane and cytoplasmic sequences of this pro-
tein. Almost all alphaviruses sequences examined thus
far contain these cysteines, with the exception of the
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Venezuelan and Eastern equine encephalitis virus E1
proteins (Strauss and Strauss, 1994).
To determine whether these sites could be palmity-
lated and whether this alteration affects virus replication,
polymerase chain reaction (PCR) site mutagenesis was
performed, and the cysteine-substituted genes were re-
constructed in the SIN cDNA (Rice et al., 1987). Tran-
scription of the latter results in virus RNA, which yields
infectious virus particles after transfection into BHK cells.
We describe here properties of these viruses with regard
to the extent of spike protein palmitylation and properties
of the virus.
RESULTS
The amino acid sequence of the SIN E1 transmem-
brane domain close to the membrane-cytoplasmic
boundary is F.A.C.S.M.M.L.T.S.R.R. For one mutant, the
codon for the cysteine (position 430 in the E1 sequence)
was changed from TGC to GCA, which codes for alanine.
The part of the amino acid sequence of the SIN E2
transmembrane domain adjacent to the membrane-cyto-
plasmic boundary is L.C.A.C.K.A.R.R., and for a second
mutant, the codons for cysteine (positions 388 and 390 in
the E2 sequence) were both changed from TGT to GCT,
which also codes for alanine. A third mutant containing
both the E1 and E2 cysteine mutations in the transmem-
brane regions was prepared by replacing in the E1
C430A mutant the sequence encoding the E2 C388A and
C390A. All mutations were confirmed by sequencing.
BHK cells transfected with RNAs transcribed from the
mutated and wild-type cDNAs produced high titers of
infectious virus with normal plaque morphology, indicat-
ing that the mutations have little effect on general virus
replication in this culture system. The effect of these
mutations on levels of fatty acid incorporation into the
SIN glycoproteins was measured by labeling CEF cells
that had been infected with virus recovered from the
transfected BHK cells with [3H]palmitic acid at 4.5–6.5 h
postinfection (Ivanova and Schlesinger, 1993). Cell ex-
tracts were subjected to sodium dodecyl sulfate–polyac-
rylamide gel electrophoresis and gels were treated for
fluorography (Fig. 1, lanes 1–4). Quantitative analysis of
these gels showed that for the E1 mutation of cysteine to
alanine at position 430, the incorporation of fatty acid
was ,5% of that measured for the wild-type E1 protein.
For the E2 mutations, the amounts of fatty acid incorpo-
rated into E2 were 15–30% of the value measured for fatty
acids in the wild-type E2 protein. The mutant with
changes in both E1 and E2 gave similar values for acy-
lation of these proteins. Palmitylation of intracellular E1,
PE2, and E2 in cells infected with the wild-type virus (Fig.
1, lane 1) were similar to those reported previously
(Ivanova and Schlesinger, 1993). Results from labeling
infected cells with [35S]methionine showed that these
decreases were not due to lowered amounts of the
intracellular proteins themselves (Fig. 2). Ratios of palmi-
tate to methionine label in intracellular virus glycopro-
teins were analyzed and normalized to that measured for
the wild-type virus (Table 1). The data confirm that the
FIG. 1. Palmitate labeling of intracellular and extracellular SIN pro-
teins from infected CEF. Lanes 1–4 are from cell monolayers; lanes 5–8
are from virus recovered from media. Lanes 1 and 5, wild-type virus;
lanes 2 and 6, E1 C430A mutant; lanes 3 and 7, E2 C388A/C390A
mutant; lanes 4 and 8, C430A/C388A/C3980A mutant. Infected cells
were labeled for 1 h with [3H]palmitate at 4.5 h postinfection, and a
second dose was given at 5.5 h postinfection (see Materials and
Methods). Cells were harvested at 6.5 h. Gels were processed with
DMSO-PPO for fluorography, and radioactive bands were quantified by
scintillation counting (Ivanova and Schlesinger, 1993).
FIG. 2. Intracellular virus proteins from infected CEF after pulse-
chase experiment. Lanes 1 and 5, wild-type virus; lanes 2 and 6, C430A
mutant; lanes 3 and 7, C388A/C390A mutant; lanes 4 and 8, C430A/
C388A/C390A mutant. Lanes 1–4 are samples from a 15-min pulse at
5 h postinfection; lanes 5–8 are samples from a 15-min pulse followed
by a 30-min chase in the presence of 0.3 mM cycloheximide. Refer to
Materials and Methods for additional details.
TABLE 1
Ratio of [3H]Palmitate to [35S]Methionine Labeling in Virus E1 and
E2 Intracellular Glycoproteins Normalized to That Measured for the
Wild-Type Virus
Glycoprotein
Virus strain
Wild-Type E1: C430A
E2:C388A
C390A
E1: C430A
E2: C388A
C390A
E1 1.0 0.04 0.5 0.07
E2 1.0 0.8 0.3 0.3
Note. The labeling for palmitic acid was at 5.5 h postinfection for 15
min. The labeling for methionine was at 5 h postinfection for 1 h.
Methods for quantification of virus protein bands in gels have been
described previously (Ivanova and Schlesinger, 1993).
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deficit in lipid label in the mutants reflects lowered acy-
lation and not decreases in the proteins themselves.
There also were effects on palmitylation of the E2 in the
E1 mutant and of the E1 protein in the E2 mutant; it is
unclear why this occurred.
The growth rates of the mutants were compared with that
of the wild-type virus on CEF, BHK, and the insect cell line
C7–10. Reproducible differences were measured during
3–6 h postinfection on the vertebrate cells with the mutants
producing virus titers ;0.5 log less than that found for the
wild-type virus (data not shown). Based on [35S]methionine
labeling of CEF infected with an m.o.i. of 5, we measured a
50% decrease in the amount of labeled virus particles
released 3–4 h postinfection by the three mutants com-
pared with that made by wild-type virus. The amount of
labeled virus structural proteins present in the infected cells
under these conditions was somewhat greater for the mu-
tants relative to the wild type. At later times (5 h) postinfec-
tion, the differences between mutants and wild-type virus
release were not significant, reflecting the growth curves in
which mutants lagged behind wild-type strains in virus
release only at early stages of virus infection. It is unlikely
that revertants arose at these early times during this single
cycle growth curve. To avoid this problem, we used sam-
ples of virus directly from transfected cells rather than
passaging and amplifying them. In addition, we changed
the first two bases in the codons for cysteine, thus decreas-
ing the possibility of reversion at this site. When analyzed
during a 12- to 20-h infection on insect cells at 30°C, the E2
mutants but not the E1 mutant grew slightly slower than the
wild-type SIN. There were no major differences between
wild-type and mutant viruses when growth was measured
at 30, 37, and 40°C in CEF.
The conversion in mutant virus-infected cells of PE2
(p62) to E2, a proteolytic cleavage that occurs in the
trans-Golgi vesicles, was similar to that measured for the
wild-type virus (Fig. 2), indicating that the transport of the
glycoproteins from the ER to the trans-Golgi network was
not affected by the lack of palmitylation in the E1 or p62
proteins. Fatty acylation of these proteins occurs mainly
in a compartment before entry into the Golgi (Schmidt
and Schlesinger, 1980).
Electron microscopic observation of negatively stained
preparations of mutant virions failed to show significant
alterations in overall size and shape of the particles relative
to that of the wild-type virions (data not shown). The mu-
tants, however, were slightly less stable than the wild-type
virus to heating at 56°C: a reduction of 1 log in titer oc-
curred after 20 min for the mutants and after 30 min for the
wild-type virus.
We tested the susceptibility of the mutant viruses to
the detergent Triton X-100 and noted that they were more
sensitive than wild-type virus at concentrations of
0.0175% of detergent (Fig. 3). Under these conditions, the
titers of wild-type virus decreased ,1 log in comparison
with the mutants, which showed a 2-log drop in titer.
Sensitivity to Triton X-100 also was tested for several
other SIN mutants in the E2 glycoprotein, such as Y400F,
P404G, C416A, C417A, and C396S (Gaedigk-Nitschko
and Schlesinger, 1991; Ivanova and Schlesinger, 1993),
and compared with wild-type virus grown under the
same conditions as the mutants. The decrease in titers
of these preparations of virions was similar to that of the
wild-type virus and ranged from 0.8 to 1.2 log10 pfu.
C396S, C416A, and C417A were shown previously to be
deficient in fatty acylation (Ivanova and Schlesinger,
1993), but the lack of the single palmityl group in these
mutants did not appear to significantly affect detergent
sensitivity. Two mutants in the SIN 6K protein (i.e., C35S,
C36A, C38S, C39A, and A34R) were also like the wild-
type virus in their sensitivity to Triton X-100 at the 0.0175%
concentration, with decreases in titers of 0.7 and 0.6
log10, respectively. The cysteines of the 6K protein are
palmitylated, but the amounts of 6K protein in virions are
,10% that of the glycoproteins (Ivanova et al., 1995).
DISCUSSION
Our data have provided clear evidence that the trans-
membranal cysteine of SIN E1 was the site of palmityla-
tion for this glycoprotein. We also have shown that fatty
acylation modified the transmembranal cysteines of the
SIN E2 glycoprotein. The transmembrane domain of SFV
E2 glycoprotein was reported to have acylated fatty ac-
ids, based on experiments using a mutationally trun-
cated version of the protein that removed all of the
cytoplasmic domains of this transmembrane glycopro-
FIG. 3. Sensitivity of mutant viruses to Triton X-100. Cell-free virus
from BHK-transfected cells was treated briefly (see Materials and
Methods) with Triton X-100 at three different concentrations. The virus
samples were diluted 100-fold and assayed immediately for pfu on CEF.
M, Wild-type virus; e, E1: C430A; E, E2: C388A/C390A; , E1:430A/E2:
C388A/C390A.
64 RYAN, IVANOVA, AND SCHLESINGER
tein yet retained sites for palmitate acylation (Roman and
Garoff, 1986). However, with respect to growth in cultured
cells, conservation of the transmembranal cysteines of
alphavirus E1 or E2 glycoproteins and their modification
by palmitate was not essential. The slower replication
early after infection by the mutants at a low m.o.i. would
provide wild-type virus with an advantage under limiting
growth conditions, which could well be the case in in-
fected animals, birds, and insects. The increased sensi-
tivity of these underacylated virions to high temperatures
and low levels of detergent also would make them less
fit. The latter result suggests further that the decrease in
protein-bound lipid may have affected the overall lipid
composition of the virion. Acylation is expected to alter
lipid composition in membrane regions surrounding the
inserted polypeptide. Enveloped viruses with transmem-
brane glycoproteins have been shown to select mem-
brane lipids from the general pool of membrane compo-
nents when they undergo assembly and budding, and
their lipid composition is distinct from the general com-
position of lipids in the bilayers from which the virus
buds (Luan et al., 1995). Thus, cells with different lipid
components in their plasma membranes could well be
selectively sensitive to viruses deficient in protein fatty
acylation.
In this regard, results of mutating palmitylation sites in
the influenza virus hemagglutinin are noteworthy. In this
transmembrane protein, three strongly conserved cys-
teines at the carboxyl terminus of the HA2 subunit of
hemagglutinin are palmitylated (Naim et al., 1992; Simp-
son and Lamb, 1992; Steinhauer et al., 1991; Veit et al.,
1991); however, extensive studies showed that nonacy-
lated mutated HA2s appear to be nondefective when
assayed for several functions of the HA (Naeve and
Williams, 1990; Naim et al., 1992; Philipp et al., 1995;
Steinhauer et al., 1991; Veit et al., 1996). Only one of these
studies claimed a change resulting from mutation of
cysteines to alanine, which was detected in the ability of
cells expressing mutant HA to carry out low pH fusion as
assayed by syncytia and polykaryocyte formation (Naeve
and Williams, 1990). Influenza virions, obtained by pack-
aging ribonucleoprotein particles, with HA RNAs mu-
tated to alter a cysteine or combination of cysteines in
the carboxyl terminus were not defective based on stud-
ies of virus formation and replication in cultured cells (Jin
et al., 1996). However, the altered viruses were less
virulent when grown in embryonated chicken eggs or
introduced intranasally to mice. For the latter, the LD50
dose of virus was increased ;3 logs and virus grew to
3-log-lower titers in nasal turbinates assayed several
days postinfection. Another study using similar proce-
dures to prepare virions with altered hemagglutinins
concluded that some of the mutant viruses had slower
growth rates in cultured cells (Zurcher et al., 1994). These
results indicate that the palmitylated cysteines are im-
portant for replication of the influenza virus in particular
cell types but not those used in cultured cells that nor-
mally optimize the virus growth cycle.
Palmitylation is prevalent on proteins encoded by vac-
cinia virus, and six acylated polypeptides have been
detected on membrane fractions of virus infected cells
(Child and Hruby, 1992). One of these, the p37, is not a
transmembranal protein, but it localizes to the trans-
Golgi network and two cysteines flanked by aliphatic
amino acids were identified as sites of palmitylation
(Grosenbach et al., 1997). Mutation of these to serines
affected acylation and membrane localization. The inves-
tigators of this study conclude that the role of the protein
palmitylation in this virus is the targeting/anchoring of
protein to membranes where it complexes with other
virus-encoded proteins to effect membrane envelopment
and maturation of newly replicated vaccinia virions. In
contrast, mutation of the sites of acylation of the trans-
membranal glycoproteins G1 and G2 of the Uukuniemi
virus did not affect localization of these proteins, which
are retained in the Golgi vesicles where virus budding
occurs (Andersson et al., 1997). The gp41 and its precur-
sor, the gp160, from strains of HIV-1 and SIV have been
shown to be palmitylated at two cysteines in the cyto-
plasmic tail of this transmembranal protein (Yang et al.,
1995). The function of acylation in a fusion activity of gp41
was tested by using a vaccinia virus system that ex-
pressed either the wild-type or mutated forms containing
serines at the cysteine palmitylation sites, but the latter
forms were like the wild-type protein in the quantitative
assay used. Palmitylation was postulated to allow for a
stronger association of amphipathic domains of gp41
with the lipid bilayer that affects interactions with other
cellular or viral proteins and, ultimately, virus pathoge-
nicity.
A role for palmitylation in membrane localization is
suggested by results with the NSP1 protein of SFV
(Laakkonen et al., 1996). This nonstructural protein has
guanyl transferase activity and is normally palmitylated
and tightly bound to the cytoplasmic surface of the
plasma membrane, endosomes, and lysosomes. Muta-
tions that substituted alanines for the three cysteines of
the protein blocked acylation, and although the nonacy-
lated protein retained enzymatic activity, it was much
less tightly bound to membranes. In addition, the acyl-
less protein was not detected in cell filopodia that stain
heavily with wild-type virus NSP1. Thus, the acyl groups
affected migration of the protein to the filopodial exten-
sions rather than membrane targeting per se.
The very strong conservation of cysteines in the al-
phavirus E1 and E2 transmembrane sequences and their
role as sites for lipid attachment suggest that this mod-
ification has an important role in the natural life cycle of
these viruses. The optimum growth conditions used in
cell culture studies with these viruses did not reveal this
putative function, and assessment of animal virulence
appears to be required.
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MATERIALS AND METHODS
Cells and virus growth
The conditions for cell and virus growth in chicken
embryo fibroblasts (CEF), baby hamster kidney cells
(BHK-21), and the C7–10 mosquito cell line were identical
to those previously described (Ryan et al., 1998).
Measurement of virus protein formation and virus
particle release
Confluent monolayers of CEF were infected as de-
scribed previously (Ryan et al., 1998). At 4.75 h postin-
fection, cells were washed and incubated for 15 min in
methionine-free Earle’s minimal essential medium.
[35S]Methionine (50 mCi) (New England Nuclear) was
then added for a 1-h incorporation or 20 mCi was added
for a 15-min pulse. In pulse-chase experiments, the la-
beling medium was removed, and cells were washed
with complete medium containing 0.3 mM cycloheximide
and incubated in this medium at 37°C for 30 min. The
procedures for collecting and quantifying the amounts of
cell-free virus and intracellular virus proteins have been
described previously (Ivanova and Schlesinger, 1993).
For [3H]palmitic acid studies, confluent monolayers of
CEF in 35-mm dishes were infected for 1 h at an m.o.i. of
20. At 5.5 h postinfection, 20 mCi of [3H]palmitic acid
(New England Nuclear) were added, and cells were
incubated for 15 min at 37°C. For a 2-h labeling, 50 mCi
of [3H]palmitic acid was added at 4.5 h, and a second
dose of 50 mCi was added at 5.5 h postinfection. Cells
and media were harvested at 6.5 h postinfection.
Thermostability and detergent sensitivity assays
Samples of virus that had been diluted to 1 3 107
pfu/ml in phosphate-buffered saline (PBS) containing 1%
fetal bovine serum were incubated for 0, 10, 20, or 30 min
at 56°C. They were placed on ice, vortexed, and plaqued
immediately onto CEF cells. For measurement of the
sensitivity to detergent, a stock solution of 1% (v/v) Triton
X-100 in PBS and 1% fetal bovine serum was prepared
and diluted. Detergent concentrations of 0.0165, 0.0170,
and 0.0175% in PBS and 1% fetal bovine serum were
added to 1 3 107 pfu of virus in a total volume of 1 ml.
They were vortexed and incubated for 5 min at room
temperature. Samples were immediately diluted 100-fold,
and titers were determined by plaque assay on CEF.
Construction of mutants
Mutants were obtained by PCR site-directed mutagene-
sis using the Quick-Change mutagenesis method of Strat-
agene. Primers containing the E1 mutation of C430A (59-
CTTATGATTTTTGCTGCAAGCATGATGCTGACT-39 and its
complementary strand) or the E2 mutations of C388A and
C390A (59-ACTGTTGCAGTGTTAGCTGCCGCTAAAGCGCG-
CCGTGAG-39) were supplied by DNAgency. Klentaq LA
was used as the polymerase (Barnes, 1992). The template
was from a plasmid containing the complete cDNA se-
quence of SIN structural genes (Bredenbeck et al., 1993).
PCR-amplified DNA was used to transform JM103 and plas-
mids isolated using the BioRad Quantum Prep plasmid
miniprep kit. To check the mutation, a small region (,100
nt) from several plasmids was sequenced by the dideoxy-
chain termination method of Sanger et al. (1977) using
T7-Sequenase-2.0 (Amersham) according to the manufac-
turer’s procedure. Samples were analyzed on a 5% Long
Ranger gel (J. T. Baker). The Bsi WI/XhoI fragment (1368 bp)
from the plasmid containing the C430A mutation was sub-
cloned into SIN Toto 1101 cDNA. Larger amounts of the
virus cDNA were purified by alkaline lysis and cesium
chloride gradients, and the DNA was sequenced in the
entire portion containing the PCR DNA fragment. For the E2
mutations, plasmids were transformed into a dam2 strain
of MC1061 (DB4351; Dr. D. Berg, Washington University),
and the BclI/BssHII fragment (446 bp) was subcloned into
SIN cDNA. The region of the insert was sequenced.
In vitro transcription and transfections
The procedures for transcribing RNA from plasmid
DNA and for transfecting BHK cells by electroporation
have been described previously (Liljestrom et al., 1991;
Ryan et al., 1998). Equivalent amounts of RNA, based on
UV absorbency of the mRNA band analyzed by gel elec-
trophoresis, from wild-type and mutant cDNAs were
used for electroporation. Virus released from cells at
16–20 h posttransfection was used in all experiments
described here.
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